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rAbstract )

Autophagy is a conserved cellular process required to maintain homeostasis. The hallmark of autophagy is the forma-
tion of a phagophore that engulfs cytosolic materials for degradation and recycling to synthesize essential compo-
nents. Basal autophagy is constitutively active under normal conditions and it could be further induced by physiologi-
cal stimuli such as hypoxia, nutrient starvation, endoplasmic reticulum stress,energy depletion, hormonal stimulation
and pharmacological treatment. In cancer, autophagy is highly context-specific depending on the cell type, tumour
microenvironment, disease stage and external stimuli. Recently, the emerging role of autophagy as a double-edged
sword in cancer has gained much attention. On one hand, autophagy suppresses malignant transformation by
limiting the production of reactive oxygen species and DNA damage during tumour development. Subsequently,
autophagy evolved to support the survival of cancer cells and promotes the tumourigenicity of cancer stem cells at
established sites. Hence, autophagy is an attractive target for cancer therapeutics and researchers have been exploit-
ing the use of autophagy modulators as adjuvant therapy. In this review, we present a summary of autophagy mecha-
nism and controlling pathways, with emphasis on the dual-role of autophagy (double-edged sword) in cancer. This is
followed by an overview of the autophagy modulation for cancer treatment and is concluded by a discussion on the
current perspectives and future outlook of autophagy exploitation for precision medicine.
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Introduction

Cells are naturally safeguarded by an efficient check-and-
balance mechanism better known as cellular homeosta-
sis to maintain the balance of a wide array of biochemical
factors and processes. Among the vital processes, protein
synthesis and break down are both essential in maintain-
ing cellular homeostasis for optimal biological activity.
For eukaryotic cells, the two major protein degradation
pathways are the ubiquitin—proteasome pathway (UPP)
and the lysosomal-autophagy pathway [1, 2]. Autophagy
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is a highly conserved and tightly regulated process where
it involves the catabolism of dysfunctional proteins such
as senescent organelles, misfolded proteins and intracel-
lular pathogens [3, 4]. In response to stressful conditions
including nutrient starvation and hypoxia, autophagy is
enhanced to degrade intracellular components and recy-
cle the macromolecule precursors (amino acids, fatty
acids and nucleotides) to preserve cellular turnover and
homeostasis [4, 5]. To date, autophagy can be classified
into three types: macroautophagy, chaperon-mediated
autophagy (CMA) and microautophagy [6]. Among
them, macroautophagy is the most extensively studied
and the term “autophagy” typically refers to macroau-
tophagy, unless otherwise stated [6, 7].
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Mechanism of autophagy

Autophagy is a sequential process that involves ini-
tiation, elongation, maturation, fusion and degrada-
tion [4]. These distinct steps are governed by a series of
autophagy-related genes (ATGs) and the dysregulation
of ATGs would impact autophagy [4, 8]. Upon induc-
tion of autophagy, unc-51-like kinase 1 (ULK1) complex
(comprising ULK1, ATG13, focal adhesion kinase fam-
ily interacting protein of 200 kDa (FIP200) and ATG101)
translocates to the phagophore initiation site where
it becomes activated through dephosphorylation [9].
Activated ULK1 complex serves as a scaffolding unit to
recruit class III phosphatidylinositol 3-kinase (PI3KIII)
complex that consist of vacuolar protein sorting 34 (VPS
34), Beclin-1, VPS15 and ATG14-like (ATG14L) [9, 10].
Subsequently, this complex stimulates the synthesis of
phosphatidylinositol 3-phosphate (PI3P), a component
rich in autophagosomal membranes or phagophores [4,
9]. The autophagy-related genes involved in the sequen-
tial process of autophagy mechanism, from initiation to
degradation are shown in Fig. 1.
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Phagophore, also known as isolation membrane, is a
sack-like structure that matures into autophagosome and
fuses with the lysosome to form autophagosome [7]. The
double membrane of phagophores may originate from
endoplasmic reticulum, mitochondria, Golgi complex
or other organelles [11]. Phagophores act by engulfing
senescent cytosolic components and subsequently elon-
gates into spherical autophagosomes under the modula-
tion of two ubiquitin-like conjugation pathways: ATG12
conjugation system and ATG8 conjugation system [9, 12].
In the ATG12 conjugation system, both El-like enzyme
ATG7 and E2-like enzyme ATG10 facilitate the conjuga-
tion of ATG12 to ATGS5, forming ATG12-ATG5 complex
[13]. The ATG12-ATG5 complex directly associates with
ATG16 and binds to the autophagosomal membrane
[14]. The dissociation of ATG12-ATG5-ATG16 complex
from the membrane following successive formation of
autophagosome allows it the be identified as a marker
for early steps of autophagy [10]. Meanwhile, the mam-
malian orthologues of the ATGS8 can be categorized into
the microtubule-associated protein 1 light chain 3 (LC3),
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y-aminobutyric-acid type A receptor-associated proteins
(GABARAPs) and Golgi-associated ATPase enhancer
of 16 kDa (GATE-16) subfamilies based on their amino
acid sequence homology [15]. Both LC3 and GABARAP
subfamilies are indispensable for functional autophagy:
LC3s function in phagophore elongation whereas the
GABARAP/GATE-16 subfamilies engage in the closure
and maturation of autophagosomes [16]. The abundance
of ATGS8 controls the size (or volume) of autophagosomes
but does not affect the number of autophagosomes nor
the frequency of autophagosome formation [17]. Upon
autophagy induction, LC3 translocates from the nucleus
to the cytosol to engage with autophagosomes [18, 19].
Subsequently, the precursor proLC3 is cleaved by ATG4
into LC3-1 and conjugated with phosphatidylethanola-
mine (PE) phospholipid by ATG7 and ATG3 along with
the ATG12-ATG5-ATG16 complex to form LC3-II [12,
20, 21]. The soluble LC3-I is localized in the cytoplasm
whereas the lipidated LC3-II is attached to the inner
and outer sides of the autophagosome membranes [21—
23]. Due to the abundance of LC3 in autophagosome
membranes, it is widely used as a marker for assessing
autophagy [24]. Besides autophagosome biogenesis, the
ATG8 proteins recognize autophagic receptors (such as
p62/SQSTM1, neighbour of Brcal (Nbrl), nuclear dot
protein 52 kDa (NDP52), autophagy-linked FYVE pro-
tein (Alfy) and NRF2) through LC3-interacting region
(LIR) motif and target them for autophagic degradation
[22, 25]. Following elongation and maturation, ATGS is
released from autophagosomes by deconjugation through
the action of ATG4 [17]. Then, the sealed autophago-
some merges with lysosome and form autolysosome
[7]. The formation of autolysosome releases sequestered
autophagic bodies and the inner membrane into the
lumen where they are exposed to acidic hydrolases and
lipases for degradation [7]. The subsequent macromole-
cules including amino acids, fatty acids and nucleic acids
are then, recycled back into the cytosol by permeases
such as ATG22 [26]. This process allows the biosynthesis
of essential components required during critical condi-
tions, such as stress and greatly improves cell survival in
a check-and-balance manner [27].

Pathways controlling autophagy

Under normal physiological conditions, autophagy
occurs at a basal rate to maintain cellular viability and
homeostasis [28, 29]. Upon disruption by environmen-
tal stress (such as nutrient starvation, endoplasmic
reticulum (ER) stress, hypoxia and drugs), autophagy is
modulated for adaptation and survival by several path-
ways including mammalian target of rapamycin (mTOR),
AMP-activated protein kinase (AMPK), Wnt and TGEp
[29-31].
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The mammalian orthologue of yeast TOR protein,
mTOR, plays a crucial role in regulating autophagy by
sensing intracellular stress and environmental factors
[29, 30]. As a negative regulator of autophagy, mTOR
integrates signals from several upstream molecules
including AMPK and PI3K [30, 32, 33]. The mTOR
constitutes of two distinct complexes, the mTOR com-
plex 1 (mTORC1) and mTOR complex 2 (mTORC?2)
[34, 35]. Function-wise, mTORCI1 responds to nutrient
levels whereas mTORC?2 is influenced by growth fac-
tors [34]. Activation of mMTORC2 can also be achieved
by the presence of amino acids via the PI3K/Akt sig-
nalling [36]. When nutrient is sufficient, mTORC1 is
activated and autophagy will be inhibited [37]. In con-
trast, mTORCI1 is inactivated during nutrient depletion,
causing induction of autophagy to mobilize the availa-
ble macromolecules [37—-40]. During this response, the
inhibition of mMTORC1 will activate the ULK1 complex
to drive the downstream activation of autophagy [41].
In addition to the nutrient-sensing role, mTOR also
partially regulates autophagy in response to growth fac-
tors and hypoxia [6, 37, 42].

AMP-activated protein kinase (AMPK) acts as an
energy-sensing kinase that promotes autophagy by
detecting the abundance of AMP and ATP [43, 44]. In
response to energy starvation, AMPK is activated by
calcium/calmodulin-dependent protein kinase kinase
(CaMKKSp) and liver kinase B1 (LKB1), through phos-
phorylation at Thr-172 residue [45-47]. Furthermore,
ADP allosterically activates AMPK whereas AMP pro-
tects AMPK from dephosphorylation, which is crucial
for AMPK activation [44]. Activated AMPK phosphoryl-
ates the tuberous sclerosis complex (TSC) and attenuates
mTOR activity leading to induction of autophagy [6, 48,
49]. Moreover, elevated intracellular calcium concentra-
tion induced by ER stress may also promote autophagy
through activation of AMPK [6, 50].

Besides that, a regulatory feedback between autophagy
and Wnt/B-catenin signalling has been reported [51].
B-catenin negatively modulates autophagy by reducing
autophagosome formation and LC3-II puncta during
starvation and nutrient-rich conditions [52]. Interest-
ingly, p62 protein expression is increased with [-catenin
knockdown while autophagic flux is not hindered [52].
Further investigation revealed that f-catenin represses
transcriptional expression of p62 through binding
of transcription factor TCF4 [52]. In the crosstalk of
autophagy and Wnt/p-catenin signaling, f-catenin inte-
grates growth and stress signals to coordinate prolifera-
tion and autophagy. As only a basal level of autophagy
is required under normal conditions, P-catenin limits
autophagy and represses p62 transcription [52]. However,
when nutrient is depleted, f-catenin permits autophagy



Lim et al. Cell Biosci (2021) 11:56

activation, relieves suppression on p62 transcription and
[-catenin is degraded by autophagy [52].

Meanwhile, the transforming growth factor beta
(TGEP) signalling pathway regulates a plethora of bio-
logical functions including cell proliferation, differen-
tiation, migration and adhesion to maintain cellular
homeostasis [53]. In the context of autophagy, TGEB
signals through both SMAD and non-SMAD pathways
(TAK1/MKK3 and JNK pathways) to promote the for-
mation of autophagosome and conversion of LC3-I to
LC3-1I [54-56]. In renal carcinoma cells, the supplemen-
tation of TGEP has been reported to augment the expres-
sion of autophagy markers, LC3-II and Beclin-1 [57].
The enhanced autophagy activation by TGEp results in
increased secretion of lactate that mediates TGFp auto-
crine [54]. Of note, autophagy activation may in turn
enhances TGFp expression, thus forging a positive feed-
back loop in cancer progression [58, 59].

The cAMP-dependent protein kinase A (PKA) is also
capable of controlling autophagy. PKA responds to glu-
cose and carbon levels. When glucose level is high, PKA
inhibits autophagy directly by phosphorylating mTORC1
or indirectly through inhibition of AMPK [60]. None-
theless, other stimuli such as lipid accumulation and
iron depletion may also regulate autophagy [61, 62]. The
interconnection and signalling crosstalk between vari-
ous stimuli are indeed very sophisticated and is of major
interest to further elucidate the captivating autophagy
mechanism.

Autophagy in cancer

Autophagy is an evolutionarily conserved process for
maintaining cellular homeostasis. By recycling macro-
molecule precursors to supply nutrient source and build-
ing blocks, autophagy is associated with cell survival [5].
However, uncontrolled persistent activation of autophagy
may lead to cellular disintegration and ultimately cell
demise [63, 64]. The dysregulation of autophagy has been
implicated in several diseases including neurodegenera-
tive diseases [64, 65], infectious diseases, malignancies of
liver, colorectal, gastric, breast, ovarian and many more
[66]. In cancer cells, the role of autophagy is rather con-
troversial as it prevents malignant transformation and
conversely promotes tumour growth. This discrepancy
ignites debates over the exact role of autophagy, either a
friend or a foe in the perspective of cancer.

Autophagy was previously thought to play a protec-
tive role against cancer development, as evidenced by
the monoallelic deletion of Beclin-1 and autophagy inac-
tivation in breast, ovarian and prostate cancer [67-70].
Ovarian carcinoma patients with a high expression of
Beclin-1 were found to have a better prognosis, sug-
gesting that autophagy might limit cancer progression
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[71]. Furthermore, a reduced expression of autophagy
genes (ATG5, ATG7 and Beclin-1) has been observed in
hepatocellular carcinoma (HCC) cells. Of note, Beclin-1
expression was significantly decreased in the HCC tis-
sues compared to the adjacent non-tumour tissues [72].
Conversely, the basal level of autophagy was enhanced
in melanoma patients with increased autophagosome
puncta and LC3-II levels [73]. In colorectal cancer (CRC),
the expression of LC3 in tumour tissues is significantly
higher than the control, indicating an elevated autophagy
activity. More importantly, the expression of LC3 corre-
lated with tumour aggressiveness and thus suggesting a
tumour-promoting role of autophagy [74]. Despite the
reduced expression of Beclin-1 in a subgroup of CRC, the
overexpression of Beclin-1 in CRC was significantly cor-
related with nodal involvement, high histological grade
and vascular invasion [75]. Similarly, Beclin-1 expression
in gastric cancer has gained conflicting results. On one
hand, it was found that Beclin-1 expression was increased
in gastric carcinomas whereas the other observed a
decreased expression compared to adjacent non-tumour
tissue [76, 77]. Taken together, these pieces of evidence
suggest the equivalently important roles of autophagy in
both tumour suppressing and promoting activities, hence
confers the double-edged sword tag (Fig. 2).

Autophagy as tumour suppressor

During normal conditions and early stage of cancer,
autophagy serves as a shield to protect cells from harm-
ful stimuli and malignant transformation. By limiting
the devastating effect of reactive oxygen species (ROS),
autophagy prevents DNA damage and maintains genome
integrity [66, 78]. Upon starvation, the production of
ROS triggers autophagy, specifically, H,O, reversibly
modifies the cysteine residues of ATG4 and thereby dis-
rupts the active site required for delipidation of LC3 [79,
80]. This results in accumulation of lipidated LC3 and
increased autophagosome formation [79]. Furthermore,
the scavenger role of autophagy is evidenced by the accu-
mulation of ROS in autophagy-deficient cervical cancer
cells [79]. On the other hand, inhibition on autophagy
renders the immortalized mouse kidney (iBMK) cells
to be susceptible to mutations and chromosomal insta-
bility that may result in aneuploidy [78]. Moreover, the
autophagy-defective iBMK cells that suffer metabolic
stress exhibit a build-up of p62 along with damaged
mitochondria and ER chaperones, indicating the failure
of protein removal [81]. The accumulation of p62 in turn
promotes ROS production and triggers DNA damage
response which ultimately contributes to tumourigenesis
[81]. In contrast, autophagy suppresses tumourigenesis
by eliminating toxic mutagens and avoiding the accu-
mulation of genetic defects [82]. This mechanism also
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Fig. 2 The role of autophagy in cancer progression. Basal autophagy plays a protective role in maintaining homeostasis under normal conditions
and early stage of cancer. During cancer development, autophagy aids to overcome stressful stimuli such as hypoxia and nutrient deprivation.
Subsequently, autophagy supports cancer cell growth and facilitates malignant progression in established tumours
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prevents excessive inflammation and induces senescence
to hinder the growth of tumour cells [66]. As a negative
regulator of the nod-like receptor family pyrin domain
containing 3 (NLRP3) inflammasome, autophagy reduces
inflammation in fetal human colon cells [83]. Further-
more, reduced autophagy in renal cell carcinoma pro-
motes cell proliferation suggesting that autophagy is
required to constrain the growth of cancer cells [84].

Autophagy as tumour promoter
As the tumour develops and progresses, autophagy,
in turn, fuels and supports the growth of cancer cells.
Due to the increased metabolic demand of highly pro-
liferative cancer cells and poor vascularization in solid
tumours, the tumour microenvironment is often hypoxic
and nutrient-deprived, that may trigger autophagy for
an adaptive metabolic response [85—87]. Through recy-
cling macromolecules and supplying building blocks,
autophagy contributes to the survival of tumour cells
under these unfavourable stress conditions [85, 88].
Autophagy facilitates cancer progression by promot-
ing the migration and invasion capacity of cancer cells.
Upon starvation, autophagy promotes the invasion and
epithelial-mesenchymal-transition (EMT) of the hepato-
cellular carcinoma cells [59]. The induced autophagy in
hepatocellular carcinoma was also reported to support

pulmonary metastasis by promoting anoikis resistance
and colonization [89]. Besides that, hypoxia-induced
autophagy may also protect hepatocellular carcinoma
cells from apoptosis during nutrient deprivation via
Beclin-1 dependent pathway [90]. In pancreatic cancer,
hypoxia-induced autophagy enhanced migration and
invasion through HIF-la upregulation and EMT [91].
The inhibition of autophagy by shRNA targeting ATG12
in a glioma 3D organotypic model has been shown to
impair cell invasion but does not affect cell viability, pro-
liferation and cell migration [92]. Moreover, autophagy
induction promoted migration and invasion of bladder
cancer cells by facilitating EMT via TGEP pathway [58].
Similarly, the invasion capacity of hepatocellular car-
cinoma induced by autophagy is dependent on TGEfB
signalling and EMT [59]. Accordingly, silencing of
autophagy-related genes or treatment with autophagy
inhibitors abrogated EMT and reduced the invasiveness
of hepatocellular carcinoma cells during starvation [59].
Furthermore, genetic inhibition of autophagy in RAS-
activated cells inhibits the formation of invasive protru-
sions, maintains the integrity of basement membrane
and restricts ECM proteolysis [93]. Treatment of condi-
tioned media from autophagy competent RAS-activated
cells rescued the migration and invasion capability of
autophagy-deficient RAS-activated cells, suggesting that
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autophagy is required for the secretion of pro-migratory
cytokines, namely IL6 [93]. Intriguingly, autophagy is
inversely correlated with migration and invasion in glio-
blastoma cell line and also in primary cells [94]. It is also
notable that autophagy is capable of inducing or inhib-
iting EMT and interestingly EMT could also activate or
represses autophagy [3].

In addition, autophagy is essential in cancer stem cells
for dictating their pluripotency, self-renewal and drug
resistance [95-98]. The expression of Beclin-1 and sub-
sequent autophagy activation is necessary for the main-
tenance and tumourigenicity of breast cancer stem cells
[99]. The autophagy associated factors, DRAM1 and p62,
have also been found to regulate the energy metabolism
and invasion of glioma stem cells through activation of
autophagy, whereas the knockdown of the autophagy-
related gene, ATG12, was reported to compromise the
invasive capability of the tumour cells in an organotypic
model of glioma cells [92, 100]. The enhanced autophagy
flux in ovarian cancer stem cells supports self-renewal
and chemoresistance through upregulation of the tran-
scription factor Forkhead Box A2 (FOXA2) [95]. It was
evidenced that inhibition of autophagy in ovarian can-
cer stem cells decreased the size and number of sphere
formation, reduce the population of CD24~ and CD44*
cells, increased drug sensitivity to paclitaxel and attenu-
ates the expression of FOXA2 [95]. Chemotherapy has
been reported to promote the proportion of CD133%
cancer stem cells, which show higher autophagy level,
in non-small cell lung carcinoma [101]. Upon inhibition
of autophagy, lung cancer stem cells manifest reduced
sphere formation and colony formation [101]. Com-
bined treatment of autophagy inhibitor and chemo-
therapy greatly improved the efficacy of chemotherapy
by reducing the population of CD133" cancer stem
cells in vitro and impede tumour growth in vivo [101].
Similarly, the inhibition of autophagy has been found to
improve the sensitivity of colorectal cancer stem cells to
photodynamic therapy [92]. In gastric cancer stem cells,
enhanced autophagy contributed to chemoresistance
through Notch signalling pathway [96]. Another role of
autophagy in maintaining cancer stem cells is by regu-
lating CD24 expression and IL6 secretion [97]. In breast
cancer model of MCF7 and MDA-MB-468, autophagy-
deficient cells restore mammosphere formation with
the supplementation of IL6 or treatment of conditioned
media from autophagy competent cells, suggesting that
autophagy is required for the secretion of IL6 to main-
tain cancer stem cells [97]. Furthermore, basal autophagy
is crucial in maintaining pluripotency of cancer stem
cells and any deviation from basal level of autophagy,
either activation or inhibition, may promote differentia-
tion and senescence [98]. As depicted in teratocarcinoma
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stem cells, both induction and suppression of autophagy
reduce cell viability, proliferation and pluripotency while
differentiation is promoted [98].

In short, the function of autophagy in cancer is con-
text-dependent and highly influenced by the tumour
microenvironment, disease stage and exposure to exter-
nal stimuli. The controversial role of autophagy in cancer
warrants further investigation to unravel its therapeutic
potential as a cancer drug target.

Modulation of autophagy in cancer

Over the last decade, autophagy has emerged as a prom-
ising target for cancer therapy. However, the opposing
roles of autophagy in promoting and suppressing tumour
growth have presented a major challenge in modulat-
ing autophagy for cancer therapy. Despite that, several
autophagy modulators have been approved by the U.S.
Food and Drug Administration (FDA) for cancer treat-
ment and numerous are currently in clinical trials [102].
Interestingly, some reports suggest a synergistic effect
on the use of autophagy inhibitors and other therapeu-
tic agents. We summarised the available data collected
from previous in-vitro and pre-clinical studies on various
malignancies in Table 1.

Metformin, the most commonly prescribed anti-dia-
betic drug was found to impair tumour growth in mela-
noma and cervical cancer by promoting autophagy via
AMPK activation [123, 124]. AMPK serves as a sensor of
cellular energy and promotes autophagy when the AMP/
ATP ratio is increased [125]. The mechanism of action
by AMPK towards autophagy is either directly by phos-
phorylation of ULK1 or indirectly through inhibition of
mTOR complex activities [126, 127].

The negative regulator of autophagy, mTOR, has been
extensively studied as a therapeutic target for autophagy
modulation. As mTOR inhibits autophagy, mTOR inhibi-
tors have been developed to induce autophagy. Rapa-
mycin (also known as sirolimus) is an mTOR inhibitor
that promotes autophagy through binding with FK506-
binding protein 12 (FKBP12) and stabilizing the raptor-
mTOR complex, thereby repressing the action of mTOR
[128]. The treatment of neuroblastoma cells with rapa-
mycin has been found to inhibit proliferation through
autophagy induction and cell cycle arrest [129]. Further-
more, a recent study in murine sarcoma cells suggested
that the tumour suppressive effect of rapamycin results
from successive autophagy and depletion of the cancer
stem cells [130]. Of note, mTOR is central to diverse bio-
logical pathways including immune regulation, cell cycle
progression, protein synthesis and angiogenesis. Thus,
targeting mTOR with rapamycin and its derivatives (rap-
alogs) may affect other metabolic processes as well [131].
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Table 1 Genetic and pharmacological inhibition of autophagy synergize with therapeutic agents in various malignancies

Types of cancer

Model

Therapeutic agent

Autophagy inhibitor

Pharmacologic

Genetic

Outcomes/Effects/
Phenotypes

Chemotherapy
B cell lymphomas

Brain cancer

Esophageal
squamous cell
carcinoma (ESCC)

Esophageal
squamous cell
carcinoma (ESCC)

Colorectal cancer

Colorectal cancer

Glioma

Lung cancer

Lung cancer

Lung cancer

Myeloid leukemias

Ovarian cancer

Pancreatic cancer

Pancreatic cancer

Renal cancer

Other therapies
B cell ymphomas

Mice

AM38 and 794 cells

EC9706 cells

EC9706 cells

HT29

SW480 and SW620

U373-MG cells

A549 cells

A549 cells

A549 cells, mice

K562 cells

3A0 and SKOV3

Mice

PANC-1, BxPC-3

ACHN-5968, UOK257
cells

Mice

Cyclophosphamide

Vemurafenib, Vinblas-
tine
5-FU

Cisplatin

5FU

Oxaliplatin

Temozolomide

Paclitaxel Cisplatin

Cisplatin

Cisplatin

Daunorubicin

Paclitaxel

Gemcitabine

5FU, Gemcitabine

Paclitaxel

ER signalling inhibitor,
Tamoxifen

Chloroquine Hydroxy-
chloroquine

Chloroquine

LY294002 (LY)

3-methyladenine

Chloroquine

Bafilomycin A1

3-methyladenine

3-methyladenine

Chloroquine

Chloroquine U0126

Chloroquine

Chloroquine

Chloroquine

3-methyladenine

Chloroquine Hydroxy-
chloroquine

ATG5 shRNA

ATG5, ATG7, shRNA

ATG5, ATG7, Beclin-1
SIRNA

ATG5 shRNA

ATG5, ATG7, Beclin-1
shRNA

Beclin 1 siRNA

ATG5 shRNA

Complete tumor
regression and
delayed tumor
recurrence

Improved tumor
cell kill

Improved the sensitiv-
ity of cancer cells
towards 5-FU

Enhanced cisplatin-
induced cell death
and cell cyle arrest

Reduced proliferation
and cell growth,
potentiated cell
cycle arrest

Decreased cell viabil-
ity and promoted
chemotherapy
efficacy

Suppressed prolif-
eration and induced
apoptosis

Enhanced cytotoxic
effect of chemother-
apy and promoted
apoptosis

Inhibited proliferation,
induced apoptosis
and increased che-
mosensitivity

Improved efficeincy o
f chemotherapy and
suppressed tumour
growth, reduced
percentage of can-
cer stem cells

Promoted chemo-
therapy efficacy

Decreased self-
renewal ability of
cancer stem cells

Suppress cancer stem
cells activity, cancer
cell growth and
tumour formation

Potentiated growth-
inhibitory effects

Enhanced paclitaxel-
mediated cytotoxic-
ity and apoptosis

Complete tumor
regression and
delayed tumor
recurrence

[103]

[104]

[105]

[106]

[107]

(o8]

[109]

[110]

[114]

[115]

[103]
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Table 1 (continued)
Types of cancer Model Therapeutic agent Autophagy inhibitor Outcomes/Effects/
Phenotypes
Pharmacologic Genetic
Bladder cancer 182 and T24 cells AR signaling inhibitor,  3-methyladenine ATG5 shRNA Triggered apoptosis [116]
Enzalutamide Bafilomycin A1 and inhibited prolif-
Chloroquine eration
Bladder cancer UMUC3 cells, mice AR signaling inhibitor,  Chloroquine - Impaired tumour [116]
Enzalutamide growth and
improved therapeu-
tic sensitivity
Bladder cancer EJand T24 cells, Radiation Chloroquine - Promotes radiosensi- ~ [117]
mouse tivity and induced
apoptosis
Cervical carcinoma  Hela cells Photodynamic - SgATGS Enhanced apoptosis ~ [118]
therapy, Photofrin and protein carbon-
ylation
Colorectal cancer SW480 cells PI3K-mTOR inhibitor,  3-methyladenine - Reduced cell viability ~ [119]

NVP-BEZ235 Chloroquine and enhanced
apoptosis
Lung Cancer A549, NCI-H1299, EGFR inhibitor, Gefi- Chloroquine ATG5, ATG7 siRNA Augmented growth [120]
SKMES-1 cells tinib, erlotinib inhibition
Melanoma A2058,C8161, mTOR inhibitor, Tem-  Hydroxychloroquine - Impaired cancer [73]
SKMEL2, UACC903, sirolimus cell growth and
increased cell death
Oral squamous cell KB cells, mice Cytokine, IL24 3-methyladenine - Promoted apoptosis,  [121]
carcinomas attenuated tumour
growth
Renal cell carcinoma  RCC4 cells, mice mTOR inhibitor, Tem-  Chloroquine ATG7 shRNA Improved antitumour  [122]
sirolimus activity
Renal cell carcinoma  A498 mTOR inhibitor, Tem-  Chloroquine - Enhanced cycotoxicity [57]
sirolimus and apoptosis

ER estrogen receptor, AR androgen receptor

Besides the canonical mTOR dependent pathways,
various drugs induce autophagy in an mTOR-independ-
ent manner. These include inositol monophosphatase
(IMPase) inhibitors, trehalose, class I PI3K inhibitors and
calcium channel blockers that are capable of enhancing
autophagy [125, 132, 133]. Physiologically, autophagy is
induced in response to metabolic stress and thus starva-
tion along with ER stress inducers could also promote
autophagy.

Corresponding to the tumour promoting effect
of autophagy, autophagy inhibitors have been char-
acterized to attenuate the tumour growth. As such,
autophagy inhibition potentiates the cytotoxicity effect
of icaritin in colorectal cancer cells [134]. The upstream
molecule of mTOR, PI3K is another attractive molecule
for modulating autophagy. Several PI3K inhibitors have
been used as autophagy inhibitors including 3-methy-
ladenine (3-MA), wortmannin and LY294002 [135].
The 3-MA exerts its inhibitory effect on breast cancer
cells and thereby reducing cell viability [136]. Inter-
estingly, 3-MA has been found to drive autophagy in
nutrient-rich conditions, in addition to its suppressive

effect during nutrient deprivation [135]. Hence, the
use of 3-MA as an autophagy inhibitor must be consid-
ered thoroughly. Wortmannin is another PI3K inhibi-
tor that prevents autophagy via persistent blocking of
class I PI3K and transiently suppresses the PI3K class
III [135]. Owing to the consistent inhibitory action of
Wortmannin independent of the nutritional status, it is
a more preferable drug for autophagy inhibition [135].

Combined treatment of autophagy modulators with
different therapeutic agents has been found to syner-
gistically suppress tumour growth and improve patient
response to cancer treatment. In refractory metastatic
colorectal cancer, the treatment of antiangiogenic tivo-
zanib along with mTOR inhibitor, everolimus was well
tolerated and 50% of the patients continue to have sta-
ble disease [137]. Furthermore, the autophagy inhibi-
tor, chloroquine, enhanced chemosensitivity of brain
tumours with BRAF V600E mutation and improved the
clinical outcome of a patient with drug resistance [104].
However, the synergistic effect was not observed in the
BRAF wild-type tumours suggesting that autophagy
dependence of tumours is crucial for the administra-
tion of autophagy inhibitors [104].
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Interestingly, the combination of autophagy inducer,
temsirolimus and autophagy inhibitor, chloroquine pro-
motes drug sensitivity and triggers cell death of renal
cell carcinoma cells, which are otherwise refractory to
treatment [57]. Similarly, concurrent activation and
inhibition of autophagy by rapamycin and chloroquine,
respectively, act in concert to promote chemosensitiza-
tion of hepatoma cells through suppression of mTOR
and Akt pathway [138]. These data suggest that a drug
combination that includes autophagy modulators may
be a promising regimen. Besides pharmacological modu-
lators, genetic manipulation of autophagy has also been
reported to show a similar result in anti-tumour activ-
ity by suppressing proliferation, promoting apoptosis,
improved drug sensitivity and inhibiting cancer stem cell
activity (Table 1).

The therapeutic potential of autophagy modulation has
been contentious and context dependent. Hence, assess-
ing and monitoring autophagy levels in vivo would be
crucial in stratifying patients who are likely to respond
to autophagy modulation. Theoretically, tumours with
higher autophagy activity or autophagy dependency
would possibly be more susceptible to autophagy inhibi-
tion. Most importantly, some autophagy-related proteins
have autophagy-independent roles and thus, autophagy
modulation may affect the other biological functions.
Of note, autophagy inhibition has a differential effect
on cells with varying degree of autophagy dependency,
while suppression of autophagy promotes secretion of
IL6 in autophagy dependent MCF7 cells, it decreases the
expression of IL6 in autophagy dependent MDA-MB-468
cells [97]. Therefore, specific and effective autophagy
modulators are needed for improved cancer treatment.

Current perspectives and future outlook

Autophagy has been reported to have controversial roles
in cancer progression. During the early stage of cancer,
autophagy plays a protective role to suppress malignant
transformation. However, in the established tumour,
autophagy supports and enhances tumour growth. This
dual function of autophagy in cancer has gained much
attention and it is indeed an attractive target for cancer
treatment. For tumours with autophagy dependency,
autophagy inhibitor would be beneficial. In contrast,
tumours with autophagy deficiency would respond to
autophagy inducers. It is important to note that there
are some parameters to be considered for the applica-
tion of autophagy modulators in cancer treatment. For
instance, the circulating concentration of pharmacologi-
cal autophagy modulators, the effect and drug toxicity of
autophagy modulators in normal tissues, the influence
on immune antitumour response and the plausibility of
autophagy switch from cytoprotective to nonprotective
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function [139, 140]. Several factors have been suggested
to play a role in autophagy switch including the presence
of functional p53, vitamin D treatment, drug sensitivity
and different stages of cancer [141]. Depending on the
p53 status, radiation-induced autophagy could have dis-
tinct functions [141].

In p53 wild type breast cancer cells, radiation-induced
autophagy is cytoprotective whereby autophagy inhi-
bition could effectively promote radiation sensitivity
[141]. Conversely, radiation-induced non-protective
autophagy in breast cancer cells with defective p53 [141].
The dependency of p53 in autophagy switch is not only
exclusively in breast cancer, but also appears to be criti-
cal in non-small cell lung cancer, pancreatic, colorectal,
head and neck cancer [141, 142]. Moreover, it has been
reported that the treatment of vitamin D sensitizes breast
cancer and non-small cell lung cancer cells to radiation
by employing cytotoxic autophagy [143-145]. Interest-
ingly, studies on osteosarcoma and leukemic cells unveil
the cytoprotective role of autophagy is in drug-resistant
cells whereas drug-sensitive cells displayed cytotoxic
autophagy [146, 147]. Thus, autophagy modulators
should be used with caution and drugs specifically tar-
geting the autophagy pathway are urgently needed.
Although the autophagy mechanism has been largely
identified, several other molecules that play a role in
autophagy remain to be discovered. Further understand-
ing of the underlying mechanism of autophagy is para-
mount to elucidate its precise role in cancer.

Another intriguing aspect of targeting autophagy in
cancer is the possible intricate crosstalk between the
autophagy and apoptosis mechanism. Autophagy and
apoptosis are two distinct catabolic pathways that may
coordinate or counteract under certain conditions [87,
148]. Autophagy is triggered as an initial response to
stress whereas intense and prolonged stress stimuli
would induce apoptosis, therefore autophagy often
precedes apoptosis [148]. In most of the scenarios,
autophagy and apoptosis are inversely regulated, i.e.
autophagy induction would prevent apoptosis and con-
versely apoptosis activation would suppress autophagy
[148]. However, it has also been shown that, in some
specific circumstances, autophagy or products from
autophagic machinery may activate apoptosis to limit
tissue damage [148]. Several regulators have been
found to control both autophagy and apoptosis, simul-
taneously, suggesting the potential of limiting the
tumour growth by targeting both programmed cell
death mechanisms with one stone [148, 149]. In addi-
tion to apoptosis, the combination of autophagy modu-
lators with drugs regulating other biological processes
is another promising area in treating cancer. To date,
numerous studies have been carried out with different
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combinations of autophagy modulators and chemo-
therapeutic drugs. These inevitable pieces of evidence
provide insight into autophagy modulation as a poten-
tial adjuvant in cancer therapeutics.

Autophagy is commonly assessed by observation
of autophagy structures and measurement of pro-
teins degraded by the lysosomal activity [150]. As
autophagy is a multistep process, static analysis is
rather inaccurate and it is unlikely to differentiate
between autophagy induction or lysosomal inhibition
[150]. Although measuring autophagy flux with spe-
cific proteins undergoing autophagic degradation (e.g.
LC3 and p62) could provide a precise evaluation of
the autophagic activity, it has been reported that some
residual autophagy is independent of LC3 and p62 [151,
152]. Hence, a more reliable approach in monitoring
autophagy flux is needed to allow efficient and robust
monitoring of autophagy activity.

Taken together, autophagy inhibitors would ben-
efit patients with autophagy up-regulation machin-
ery whereas autophagy inducers would be effective for
patients with autophagy down-regulation machinery.
However, the underlying mechanism of autophagy and
the intricate crosstalk between autophagy and apoptosis
has not been fully elucidated. Thus, the therapeutic appli-
cation of autophagy modulators warrants further investi-
gations and specific evaluation.

Conclusion

Targeting autophagy in precision medicine for cancer
is no doubt a very attractive strategy. The exploitation
of the knowledge on how some cancer entities suppress
the autophagy mechanism that supports their survival
and dodge death may indeed turn the tables on cancer.
Hence, it is crucial to note that timing is the key for such
a purpose, given the controversial role of autophagy in
cancer progression. Treatment targeting this mechanism
must be given precisely at the right place and time to be
beneficial, or else unfortunate catastrophe may be cast.
Despite the encouraging results of autophagy modula-
tors, the fastidious condition of autophagy modulation
also signifies that autophagy is in fact not a critical target
and may not be the most judicious approach, at least as a
standalone therapy, to change the tumour evolution due
to its paradoxical role, unless the detailed mechanism has
been revealed. The molecular mechanism of autophagy is
pending for more discovery.
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